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Molecular imaging emerged in the early twenty-first century as a discipline at the 
intersection of molecular biology and in vivo imaging. 
Molecular imaging is the visualization, characterization and measurement of   
physiological processes at the molecular and cellular levels in humans and other 
living systems, in a non-invasive manner.  As such, the preclinical and clinical 
information obtained is applicable to the diagnosis of diseases such as cancer, 
neurological and cardiovascular diseases.    
Additionally, molecular imaging techniques also contribute to the treatment of these 
disorders by optimizing the pre-clinical and clinical tests of any new medication or 
treatment.  Meaning, in human healthcare, molecular imaging provides the key to the 
future of personalized medicine, which involves diagnosing, treating and monitoring 
patients based on their individual condition. 
Molecular imaging differs from more traditional imaging techniques in the sense that 
probes known as biomarkers are used to help image particular targets or pathways.  
Biomarkers interact chemically with their surroundings and molecular changes 
occurring within the area of interest are reflected in regional changes in biomarker 
activity.  This process is markedly different from previous methods of imaging which 
primarily imaged differences in quantities such as density (i.e. CT) or water content 
(i.e. MRI), and give in essence, purely anatomical or morphological information  of 
structures within the body without clear functional information. 
Hence, molecular imaging can be defined as the in vivo identification and 
quantification of biological processes at the cellular and molecular level and focuses 
on the molecular abnormalities that are associated with the disease rather than 
relying on morphological alterations within the body.   
Medical imaging techniques have undergone an extensive growth over the past few 
decades and now play a central role in clinical oncology and continue to do so with 
an increasing array of molecularly targeted imaging agents.   
The use of such data expands the capabilities of conventional anatomical imaging 
methods.   
Molecular imaging allows not only to see where a tumour is located in the body, but 
also to visualize biological or pathophysiological processes (e.g. apoptosis, 
angiogenesis and metastasis…) that influence tumour behaviour and/or response to 
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therapy.  Physiological parameters such as receptor or enzyme concentrations, 
organ function, or metabolic processes such as glucose metabolism can be 
measured at baseline or diagnostically, as well as during the disease process to 
monitor progress. 
 
The discipline that has gained a lot of importance in the field of Molecular Imaging is 
Nuclear Medicine, which uses radioactively labelled molecules for the monitoring of 
biological processes.   
Currently a wide range of radiopharmaceuticals, dedicated to imaging techniques 
based on the detection of gamma or positron emitting nuclides have been developed.  
In general, these accumulate differently in malignant tissue as compared to normal 
tissue.  The development of more selective radiopharmaceuticals could improve both 
sensitivity and specificity of current medical molecular imaging [1, 2, 3].  
The two major instruments used in nuclear imaging are respectively SPECT (Single 
photon emission computerized tomography) and PET (Positron emission 
tomography); in which the development of image-fusion techniques, as SPECT/CT or 
PET/CT  (and even more recent SPECT/MRI or PET/MRI), have made possible more 
accurate interpretations or correlations between of body's functional processes and 
its surrounding structure (Figure 1) [4, 5, 6, 7]. 
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???????????????????????????????????????????????????????????????????????????
????????????
?
??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
??? ?????? ??????????? ???? ???? ????? ??????? ??? ????? ??? ????? ? ?????? ??? ??????? ???
?????????? ????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????????????
????? ??? ?????? ??? ????? ????? ??????? ?????????????? ? ?????? ??????????? ???? ????
???????? ? ????? ???????? ??????????? ??? ??????????? ? ????? ? ????? ???? ????? ??????????
???????????? ??? ??????????? ? ??????? ? ????? ???????????? ? ?????? ???? ????? ????
??????????????????????????????????????????????????????????????????????????
?
?
2. SPECT versus  PET 
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Radionuclide Half-life t1/2        Type of emission       Principal γ-ray (keV)
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Table 1  Commonly used radionuclides for SPECT imaging?
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The radionuclides for SPECT-imaging emit  ?-rays (i.e. > 100 keV) in high abundance 
and with enough energy to readily pass through tissue and be detected (Table 1). 
To enhance the resolution of an image it's important to elucidate the point of origin of 
the ?-ray in the tissue, due to the isotropic emission of the ?-rays.   
The use of a physical collimator, a plate of lead with holes, selects therefore ?-rays, 
ensuring that only ?-rays travelling in a straight line from the source are detected.  
This decreases detection of scattered ?-rays.    
Preclinal SPECT systems, based on compact high resolution detectors and novel 
collimator designs (pinhole geometry), can obtain as such a sub-mm resolution 
(Figure 2) [13].   
However, this shielding lowers the detector efficiency and gives rise as such to the 
well-known 'sensitivity versus resolution' trade-off.  To improve this loss of sensitivity, 
collimators with a dedicated multipinhole geometry have been introduced [14, 15]. 
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?????????? Spatial resolution of clinical and preclinical SPECT and PET  
 
 
PET is an imaging technique that relies on the indirect detection of positrons.  The 
positron typically travels a short distance before it annihilates with an electron from 
the surrounding medium, resulting in two ?-rays with an energy of 511 keV that are 
emitted under an angle of approximately 180º.  The PET technique is based on the 
simultaneous (within 12 nsec) external detection of the two emitted ?-rays by two 
detectors on opposite sides of the source.  This methodology is called coincidence 
detection.  
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Because of this electronic collimation, PET systems are generally more sensitive 
than SPECT systems, which in turn translates into a higher resolution for PET 
compared with SPECT (Figure 2) [16, 17, 18]. 
However, as the spatial resolution of PET is dependent on the energy of the positron, 
the choice of the applied isotope is crucial (Table 2) [19,20]. 
 
 
Radionuclide 
 
 
Half-life t1/2  
 
Type of emission 
 
Emax ?+ (keV) 
 
Max. ?+ range 
in H2O (mm) 
11C 20.3 min ?+ (99 %) 970 4.12 
13N 10 min ?+ (100 %) 1200 5.39 
15O 2 min ?+ (99 %) 1740 8.2 
18F 110 min ?+ (97 %) 640 2.4 
124I 4.18 d ?+ (~22 %) 2140 10.2 
 
????????? Selected characteristics of most important radionuclides for PET  
   imaging 
 
Generally SPECT radionuclides have a longer half life and as such their 
radiosynthesized radiopharmaceuticals have a longer shelf life, meaning that they  
can be used in centers over a larger geographical area from the point of synthesis. 
This together with a relatively lower cost of ?-cameras for SPECT imaging, make 
SPECT imaging more widely available and cost effective.   
In contrast, the shorter half life of the PET isotopes, limits the availability of PET 
imaging, requiring an on-site cyclotron and as well dedicated radiolabelling facilities, 
meaning that PET-research is more likely to be available in academical sites or 
medical research centers. 
 
 
????????????????????????????????????????
 
The impetus of the worldwide use of radioiodine isotopes in nuclear medicine, in 
particular I-123 and I-131, is certainly attributed to the diagnostic and therapeutic use 
of administered radioiodide for thyroid diseases. 
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Radioiodine therapy (I-131) for human use started in 1942 for thyroid carcinoma [21, 
22], after earlier investigations on rabbit's thyroid function in 1938, using I-128 [23].  
Radioiodide (I-123 or I-124) is in fact the only radionuclide in which its ‘direct use’ 
enables to carry out an authentic study of the physiological process of the 
organification of administered radioiodide.  However, for the in vivo investigation of 
biological pathways using radioiodinated pharmaceuticals, more complicated 
molecules are required and labelled with advanced radiochemical methods [24, 25]. 
Concerning radioiodine, about 30 artificial radioiodine isotopes have been 
recognised, with only one stable isotope, iodine-127.  The decay characteristics of 
several radioiodine isotopes and their uses are depicted in Table 3.   
Three of the radioiodine isotopes, i.e. 123I, 125I and 131I have been used widely for 
labelling small and large molecules.  The recent availability of 124I has made it 
possible to perform  preliminary quantitative dosimetric evaluation studies for 
therapeutic 131I-labelled radiopharmaceuticals.  Their uses and applications will be 
further discussed. 
 
Radionuclide t1/2 Decay mode (%) Eβ (max)
keV
Main γ-rays
[keV] (%)
Application
120I 1.4 h β+  (56)    EC (44) 4000 
 
601   (58.0) 
1523 (11.2) 
PET 
122I 3.6 min β+  (77)    EC (23) 3120 564   (18.0) PET 
123I 13.2 h EC  (100)  159   (83.0) SPECT 
124I 4.18 d β+  (22)    EC (78) 2140 603   (61.0) 
723   (10.0) 
1691 (10.4) 
PET; 
therapy control 
125I 59.4 d EC  (100) Auger 
electrons 
35.5   (6.7) RIA; Auger 
Electron therapy 
131I 8.02 d β-  (100)  606 284   (6.1) 
364   (81.2) 
637   (7.3) 
Therapy 
 
Table 3  Nuclear properties and applications of some radioiodines 
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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  - I-123 : the most important radioisotope for nuclear medicine is I-123, the short 
half-life and its suitable ? energy (Table 3) for detection make this radioisotope  
ideally suited as nuclear imaging agent in SPECT, reflected as well in various 
existing nuclear medical investigational procedures using radioiodinated 
pharmaceuticals (e.g. [123I]-MIBG, [123I]-hippuran, [123I]-iomazenil, [123I]-FP-CIT, [26]).  
Further, its worldwide commercial availability makes this radioisotope useful also in 
laboratories without an in-house cyclotron. 
  - I-124 : is a PET radioisotope, its recent commercial availability, together with 
the increasing numbers of PET cameras has brought a considerable interest in this 
radioisotope.  The emission properties of I-124,  low positron emission abundance 
and longer half-life aren't optimal, however the longer half-life allows quantitative 
imaging at late time points, using the radioisotope for theragnostic applications [27, 
28, 29].  However, the radiation burden is considerably higher for I-124 compared to 
I-123, i.e. a 12 mSv effective dose for [124I]-4-I-L-phenylalanine (75 MBq dose) was 
measured, vis-à-vis 2.4 mSv for [123I]-4-I-L-phenylalanine (160 MBq dose) in patients 
with pancreatic carcinoma [30].  
  - I-125 : the low ? emission energy of I-125 and its longer half-life make the 
radioisotope useful in all kinds of in-vitro applications (e.g. preliminary evaluation 
studies in the development of a potential radiopharmaceutical agent, RIA-studies) 
and as well as for in-vivo animal tissue distribution studies.  In both applications the 
radioactivity can be easily counted using a ? counter.   
Further, I-125 also has applications in low-dose-radiation (LDR) brachytherapy for 
treatment of prostate- and ophthalmic tumours [31, 32]. 
  - I-131 : I-131, as  ?- emitter, is one of the most commonly used radioisotope for 
therapy.  The ‘particulate’ radiation can collide with the critical biomolecules of the 
cell (i.e. DNA, RNA) and transfer its energy to cause damage, leading to cell death.  
As the ?- particle can travel a few mm in tissue, a radiation effect is induced from the 
cell to which the radionuclide is attached or internalized in to adjacent cells.  This 
cross-fire effect, in which adjacent tumour cells are killed makes I-131 useful for 
treatment of solid tumour where penetration is difficult of the radiopharmaceutical. I-
131 finds application for treatment of thyroid disorders (hyperthyroidism, carcinoma, 
[33]) or labeled on a molecule; e.g. MIBG for neuroendocrine tumours [34, 35], 4-I-L-
Phe for brain tumours [36], and antibodies for numerous applications (i.e. 
tositumomab for lymphomas, [37]).  However, the emission of high energy ?-rays in 
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its decay, means that patient isolation during therapy has to be considered to 
minimize radiation exposure for health care professionals and family members.   
Its widely use is undoubtedly related to its availability and its relative low cost, 
together with its long half-life meaning I-131 can be easily transported to different 
clinical centres.         
 
         
??????????????????????????????????????
 
As radioiodinated pharmaceuticals are for medical applications, the radioiodide has 
to be chemical and radiochemical pure with high radionuclidic purity. This not only 
from a pharmaceutical point of view, but also radiochemical.   
As radiosynthesis of a radioiodinated pharmaceutical is accomplished by introduction 
of a radioiodine on the carbon atom of the precursor via an electrophilic or 
nucleophilic pathway, the use of chemical and radiochemical pure radioiodide is 
necessary, in order to obtain a high or quantitative radiochemical yield.   
All production methods deliver the radioiodine isotopes in its iodide form in alkaline 
solution (10-2 mol.L-1 NaOH) or phosphate buffer, for reasons of radiochemical 
stability.  In case of labelling purposes, an alkaline solution is preferred.   
However, after nuclide production and on storage, the radioiodide can be 
contaminated by its oxidized forms (i.e. *IO-, *IO2-, *IO3- and *IO4- - [38, 39]), due to 
the low oxidation potential of iodide and radiolytic processes (especially 131I).  
Therefore by means of TLC or HPLC the radioiodide can be controlled [40, 41].   
   
  a) 123I Production 
About 25 nuclear reactions have been suggested and investigated for its production 
[42].  In practice however four routes are followed as shown in Table 4. 
Production of I-123 can proceed via a direct or indirect route; through the Xe-123 
precursor.  In the past the most common reaction for the production of I-123, was the 
direct 124Te(p,2n)123I reaction [42, 43].    
Highly enriched 124Te is necessary to eliminate the 125Te(p,2n)124I nuclear reaction 
[45], however a minimum of I-124 impurity can not be excluded, due to the 
124Te(p,n)124I nuclear reaction [42, 45, 46]. 
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In general, the production of I-123 by the direct production methods has been 
replaced by the 124Xe(p,x)123I reaction, which gives no detectable radionuclide 
impurities. 
Therefore only radioiodine produced via this route is admissible for human use. 
However, the high cost of the highly-enriched Xe-124 requires a sophisticated gas 
targetry knowledge and as such reserved for more specialized cyclotron centers.        
 
 
nuclear reaction 
 
energy range 
(MeV) 
 
target yield 
(MBq/μAh) 
 
radionuclidic purity 
123Te(p,n)123I 11-14 140 124I ( ~ purity of 123Te) 
124Te(p,2n)123I 21-26 800 124I; 0.5-1.2 % 
124Xe(p,x)123I 
(p,2n) 123Cs 5.9 min → 123Xe 2.08 h → 123I 
(p,pn) 123Xe 2.08 h  → 123I 
23-29 200-300 No Impurities 
127I(p,5n)123Xe 2.08 h → 123I 45-65 400 125I; 0.25 % 
 
Table 4  Overview of nuclear reactions of 123I production 
 
 
  b) 124I Production  
124I is produced in a cyclotron and 2 nuclear reactions are often used, as depicted in 
Table 5. 
 
 
nuclear reaction 
 
energy range 
(MeV) 
 
target yield 
(MBq/μAh) 
 
radionuclidic purity 
124Te(d,2n)124I 6-16 22 125I; 2   % 
124Te(p,n)124I 9-14 18 125I; 0.1 % 
 
Table 5  Nuclear reactions of 124I production 
 
The commonly used production process of 124I consists of irradiation of highly 
enriched  124TeO2,  with deuterons or protons of suitable energy.   The target consists 
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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124Xe (n,?)  
125mXe
 (57 s) 
125gXe
 (16.9 h) 
125I
(59.4 d) 
EC 
IT 
? = 137 
? = 28 
of a glassy layer of 124TeO2 (enrichment 99.8 %) mixed with 5 % Al2O3 on a platinum 
disc.  The target is irradiated with 12.5 MeV protons using a beam current of up to 20 
?A for 2-10h [28, 47, 48].  During irradiation the target is cooled in front using helium-
cooling and at the back using water-cooling. Thereafter the radioiodine is chemically 
separated via dry distillation and the trapping was performed in 1 mL 20 mmol.L-1 
NaOH.  
  
 c) 125I Production 
I-125 is a reactor-produced radionuclide and commercially available in large 
quantities [49, 50].  Its production follows the (n,?) reaction on 124Xe, according the 
following sequence : 
 
 
 
 
 
 
 
 
 
The irradiation target is natural Xe-gas, containing 0.096 % 124Xe, filled in a capsule 
(pressure 100 bars).  On irradiation in a nuclear reactor, several radionuclides of Xe 
are produced.  Fortunately, only the decay of 125Xe leads to 125I (other radioactive Xe-
isotopes decay either to stable Xe- or Cs-isotopes).   
Irradiation times amount up to a few days and thereafter the irradiated gas is allowed 
to decay for several days. 
Isolating the radioiodine proceeds by cooling down the irradiated capsule, allowing 
removal of the Xe-gas.  Afterwards, the inner walls of the capsule are then rinsed 
with a NaOH solution.  Small amounts of long-lived Cs-isotopes (i.e. 135Cs or 137Cs) 
can be eliminated by a cation-exchange procedure.  The radionuclidic purity is high, 
in which only  some 126I (t1/2 = 13.1 d) can be present, which  is unavoidable (0.2 %). 
  d) 131I Production  
I-131 is also a reactor-produced radionuclide and commercially available in large 
quantities [49, 50].  There are 2 routes for its production : 
????????????
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(a) fission of 235U 
The chain yield of mass 131 is fairly high (2.885 %) and the radioiodine isotopes with 
mass higher than 131 are short-lived, the I-131 can be easily obtained in a rather 
pure form.  The irradiated 235UAl3 is first stored for 24 h to allow decay of short-lived 
products.  Thereafter it is treated with NaOH, whereby radioactive noble  gases (Xe 
and Kr) are removed and the solution is subsequently filtered to remove Ur and other 
fission products.   
The filtrate is then acidified with HNO3 and the solution is heated, in order to distill 
over the radioiodine and to collect the radioiodine in a trap (the residue is treated 
further for separation of 99Mo and other fission products). 
(b) (n,?)-reaction 
The (n,?)-reaction on 130Te leads to formation of 131mTe (t1/2 = 30 h) and 131gTe (t1/2 = 
25 min) both of which eventually decay to 131I.   
The target material for irradiation is either Te or TeO2, depending on the separation 
procedure, resp. wet chemical or dry distillation.  In analogy with I-124 production, 
the dry distillation procedure is preferred.  The irradiated TeO2 is allowed to decay for 
about 3 days, in order to transform a greater part of 131mTe to 131I.   
The target material is heated and the vaporous I-131 collected in an alkaline solution. 
The cross sections for the formation of both  ground and metastable states of 131Te 
are rather low, meaning that the expected overall yield of 131I via the (n, ?) reaction is 
much lower than that via the fission process.   
The radionuclidic purity is for both processes high.  In case of the fission route; 129I 
can be present at ppb level, while in the (n,?)-reaction the level of 129I can be slight 
higher. 
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The best approach for preparing a radiopharmaceutical is to replace one of the 
original atoms of a pharmacologically active compound with one of its radioactive 
isotopes.  Carbon, oxygen or nitrogen atoms can be replaced in such biologically 
active compounds by their positron-emitters, like 11C, 15O or 13N, without modifying 
the biological properties of the molecule. 
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This concept of isotopic or authentic labelling isn’t applicable for radioiodinated 
pharmaceuticals, since iodinated compounds are generally not among the naturally 
occuring substrates.  The ‘switch over’ from isotopic to non-isotopic or analogous 
labelling was the only solution for the radiochemist in the search for new 
radiopharmaceuticals.   
Presently, many successful examples of radioiodinated pharmaceuticals can be 
found in the literature using 123I and applying this analogous approach.   
For metabolic studies for example, [123I]-iodofatty acids have been applied to study 
beta-oxidation of myocardial cells [51], [123I]-4-I-L-phenylalanine for the transport of 
amino acids in brain tumours (Figure 3) [52, 53], while [123I]-iodobenzamide [54], 
[123I]-FP-CIT are examples for receptor, or transporter imaging, respectively [55]. 
 
 
 
 
 
 
 
 
 
?
?????????? IPA SPECT of an oligoastrocytoma patient, grade III, 
                 250 MBq [123I]-4-iodo-L-phenylalanine I.V., resp. 1 and 7 h post injection 
 
 
Of course, not only the nuclear properties of 123I makes the radioisotope useful in 
SPECT or molecular imaging (see infra, section 2).  In addition, the chemical as well 
as pharmacological alterations or properties of an incorporated iodine atom in the 
biologically active compound needed to be evaluated if its incorporation can be 
tolerated and if certain conditions are fulfilled; 
  chemical considerations : for the incorporation of the radioiodine in an organic 
molecule classical iodination methods used in organic synthetic chemistry can be 
applied.  However, these methods have to be adapted taking into account several 
parameters such as the half-life of the radionuclide and the small-scale 
????????????
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concentrations used. The main reactions of radiolabelling with radioiodine  either 
belong to nucleophilic or electrophilic substitutions on vinylic or aromatic compounds, 
in order to ensure the strength of the resulting carbon-iodine bond and as well of the 
in vivo stability of the synthesized molecule [56, 57], 
  pharmacological considerations : incorporation of an iodine atom in a molecule 
may induce modifications of the physicochemical properties and/or the in vitro or in 
vivo pharmacological characteristics of the pharmaceuticals due to the increase of 
the lipophilicity of the molecule (determination using partition methodology) [58, 59].   
Therefore, to minimize these effects the position of substitution of the radioiodine on 
the arene moiety should be evaluated in relation with the increment in its lipophilicity  
and every attempt made to introduce the radioiodine in a position as far as possible 
from the pharmacophore [60].  Besides, the pharmacological properties of the 
iodinated compound, also the toxicological properties needed to be evaluated. 
In the case of the development of a radiopharmaceutical for saturable binding sites 
(i.e. receptors, transporters, enzyme …) one should additionally take into account as 
well the specific activity of the synthesized radioligand and this often relates to  the 
labelling strategy to be pursued. 
 
Briefly, it can be stated that the choice of the labelling site is determined by 
biological, chemical and structural considerations, while particular attention must be 
paid to the stability of the carbon-iodine bond. 
 
Further, considering the labelling reaction, it has to be emphasized that the 
concentration of the radioactive entity in the reaction medium is 106 to 109 times 
lower than that of the molecule to be labelled.  This explains why high labelling yields 
can be obtained, as the backward reaction is also 106 to 109 times lower than the 
forward reaction.  As a consequence of these substoichiometric conditions one has 
to be aware that the presence of small amounts of impurities can influence the 
labelling reaction more than conventional chemical reactions. 
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Chapter 6 describes the mutual influences of usual reducing agents (i.e. gentisic acid 
and tin(II)sulfate) on the labelling yield in an extended pH-range, mixed or separately. 
Other reducing acids are also proposed, allowing a similarly  high labelling yield, but 
which are less efficient  in reducing radioiodate (compared with tin(II)sulfate). 
In Chapter 7, an original, fundamental study of the application of the Cu+-method on 
heteroaromatics, for instance pyridine-containing precursors or radiopharmaceuticals 
is presented.   
By means of a mechanistic model, based on the mutual complex-formation 
properties of pyridine for Cu+ and Sn2+, differences in obtained labelling yields for the 
radioiodination of the different regiomers of pyridine are explained. 
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Abstract 
A variety of radioiodination methods is described in the radiochemistry literature, 
however, only a few can fulfil manufacturing requirements.  In this article we provide 
an overview of the process of preparing a radiopharmaceutical to inform the general 
reader in their everyday use of these products. 
According to molecular structure of the precursor/ligand, the first decision to be made 
is whether a nucleophilic or electrophilic approach should be used.   
Both are suitable for obtaining a high specific activity, as well as for integration in 
production processes.  Feasible reaction conditions and reliability in terms of labelling 
yield and recovery are further relevant parameters. 
Recent changes and strengthening of the pharmaceutical regulations mean that I-
123 radiopharmaceuticals are often autoclaved.  
In order to maintain the radiochemical purity during this process, as well as during 
storage/transport, radical scavengers  or antioxidants have to be added. 
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In addition, nuclear medicine will assume a greater role in basic molecular research, 
drug discovery and drug evaluation [6]. 
Advances in technology will be increasingly implicated in the development of new 
tracers.  To be successful these developments must be shared with clinicians from 
nuclear medicine and other disciplines.   
It is crucial to the endeavour of manufacturing new radiopharmaceuticals that the 
pitfalls and their solutions be understood by all involved.   
It is important to remember that even after a new radioligand has been developed, 
many problems can arise during ‘up-scaling’ to produce high radioactivity quantities 
of tracer, and in obtaining a formulation which is stable during autoclaving and 
storage. 
Herein, we wish to report on the pitfalls that might be encountered during such 
efforts.  We will suggest pragmatic solutions for these. 
In addition, we will outline the use of feasible reaction conditions and work-up 
procedures that can be integrated to circumvent other problems in the manufacturing 
of I-123 radiopharmaceuticals. 
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One of the prerequisites in performing labelling reactions on a ‘no carrier added’ 
(nca) scale is the high purity of each reagent.   
Impurities which in normal chemistry might lead to minor side products can disturb a 
radiochemical reaction completely.  Furthermore, the concentration of the radioiodine 
is an important parameter, governing the exchange rate in the labelling reaction.   
Thus, it is clear that the production route for I-123 can have a high impact on the 
applied chemistry. 
Former production methods followed a 124Te(p,2n)123I reaction on solid TeO2 from 
which the iodine could be distilled off under an inert gas flow at high temperature. 
Besides the presence of small amounts of I-125, depending on the enrichment factor 
of 124Te, there is always some I-124 formed due to the concomitant (p,n) reaction.   
In addition, the obtained radioiodine solution is contaminated with traces of Te or 
TeO2, which might influence the labelling yield sometimes dramatically.  As we have 
described in our production of 124I from gaseous TeF6 [7]. 
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Currently the best source of 123I, having the least contamination with other 
radioiodides, is the proton bombardment of highly enriched 124Xe  (Figure 1). 
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In fact, the iodine we use in the production of our radiopharmaceuticals (as described 
below) is produced by this method four times a week using conditions outlined below. 
A target chamber is filled with 124Xe under high pressure and irradiated with 25 MeV 
protons (region 23-29 MeV has a nearly constant cross-section) [8, 9] and a beam 
current of 25 ?A, resulting in irradiation yields up to 160 MBq.?A-1.h-1, which is 
comparable with other values from the literature.   
After irradiation, the gas is kept for several hours in the target to allow for the 
radioactive decay of 123Xe to 123I, after which the enriched 124Xe is recovered by 
cryogenic transfer to the storage vessel. 
To remove 123I in a nca state, the target chamber is flushed several times with a 
halogen free, diluted sodium hydroxide solution (some manufacturers use a small 
amount of caesium iodide for a better wash-out efficiency, which lowers the specific 
activity).  
The final-collected solution is transferred to an anion-exchange chromatography 
module, where the radioiodide is concentrated and harvested in 1 mL of sodium 
hydroxide (10-2 mol.L-1).   
The merits of this procedure are that it enables us to recover the radioiodide in an 
almost carrier-free state (SA of 8695 TBq.mmol-1), which is necessary for the 
radiosynthesis of receptor-ligands. 
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This production method, in combination with chemical and simple work-up 
processes, is reliable in obtaining radiochemical and radionuclidic pure 123I, at a 
reasonable price. 
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The aliphatic carbon-iodine bond is relatively weak (222 kJ.mol-1).   
This results, especially in vivo, in a fast deiodination, either by nucleophilic 
substitution (SN2) or ?-elimination.   
So, when a radioiodine atom has to be incorporated in a radiopharmaceutical, the 
radioiodine is preferentially attached to a sp2 carbon atom, in a vinylic or aromatic 
moiety, in which the carbon-iodine bond strength is higher (268-297 kJ.mol-1, 
respectively).   
Therefore, the radioiodination is often implemented by nucleophilic or electrophilic 
aromatic substitution and is more or less predicted by the structural feature of the 
molecule.   
As an example, for each method, two radiopharmaceutical preparations will be given 
(see below), which are used in routine or commercial productions.  In conjunction 
with simple purification-steps, the described work-procedures can cope with 
pharmaceutical purity recommendations. 
 
 
Nucleophilic labelling reactions 
 
In organic synthesis, nucleophilic aromatic iodination reactions are often carried out 
on diazonium salts (Sandmeyer reaction, Figure 2). 
The inconvenience of an unstable intermediate can be overcome by starting with 
shelf-stable triazenes, synthesized by amination of the diazonium salt [13]. 
However, the extensive procedure of pre-synthesizing such a modified precursor, the 
critical reaction conditions as well as the use of relatively high amounts of precursor, 
has made this method a non-standard procedure in radiolabelling [14]. 
The method of choice in nucleophilic radioiodination is the well-established Cu+-
catalysed halogen-halogen exchange reaction in an acidic, aqueous medium. 
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????????  Nucleophilic radioiodination 
 
 
 
The transition state involved is initially a complex intermediate, which is arranged 
between the aryl halide and Cu+ [15].   
The Cu+ species is formed in situ by reduction of Cu++, with the presence of reducing 
agents (like gentisic acid) in the reaction mixture.   
The complex entity (Figure 2) facilitates a nucleophilic attack of the entering 
radioiodide on the carbon-halogen, and effects a regio-specific exchange, leading to 
a single radiochemical pure product, without degradation products, and in a high 
labelling yield.   
In an isotopic exchange, (*I/I), this often becomes a quantitative labelling.   
Further purification steps are superfluous, thus, also reducing radioactive waste, 
which is convenient and highly affordable for the production process.   
The versatility of this nucleophilic Cu+-method is further proved, by the possibility of 
non-isotopic exchange (*I/Br).   
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The tougher cleavage of a carbon-silicon bond in the latter implies a labelling 
procedure with heating [21].   
Radioiododestannylation has become more and more the method of choice.   
The weakness of the carbon-tin bond readily gives regio-specific radioiodination, 
even at room temperature, while the precursors can easily be made from the bromo- 
or iodoaryl compound [22]. 
Frequently used oxidizing agents are peracetic acid and the N-chloro compounds, 
such as chloramine-T, iodogen and succinimides.   
The N-chloro compounds are by far the most popular oxidants, however, their 
relatively strong oxidizing properties often induce by-products.   
In order to limit these oxidative side reactions, chloramine-T is immobilized on 
spherical polystyrene particles (iodobeads®, while iodogen, which contains four 
functional chlorine atoms, is coated as a thin layer on the walls of a reaction vessel).  
Of both immobilized oxidants, which are mostly used for protein-labelling, iodogen is 
the best to prevent loss of the immunoreactivity after labelling [23].   
The N-chloro/bromo-succinimides are less frequently used, due to possible radical 
side reactions [24], as well as the use of aggressive solvents.   
However, for the labelling of small organic molecules, peracetic acid is often 
preferred due to its mild oxidizing properties.   
It is a useful agent for sensitive substrates [25], and chlorination of the aromatic 
moiety is excluded. 
Due to the instability or the limited shelf life of peracetic acid, it is advised to prepare 
the reactant in situ. 
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However, the necessity of preparation of the radiopharmaceutical on a no-carrier-
added level has to be investigated in each particular case, in vivo. 
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Oxidative  
Radioiodination 
Nucleophilic 
isotopic  
exchange 
Nucleophilic 
non-isotopic 
exchange 
 
Type of 
precursor 
(substitution on  
aromatic) 
 
Electron-rich 
substituent, and/or 
modificaton of 
precursor: -SnMe3, 
-SnBu3, -SiMe3,… 
 
Electron-deficient 
substituent, preferable 
Cu+-catalysis 
 
Electron-deficient 
substituent, mostly 
Cu+-catalysis 
 
Specific Activity 
 
NCA (8695TBq/mmol) 
or carrier-added 
 
Low/moderate 
specific activity 
 
High/NCA (traces 
of precursor might 
act as pseudo-carrier) 
 
Reaction time 
 
5 - 20 min 
 
20 - 60 min 
 
20 - 60 min 
 
Reaction 
conditions 
 
Mostly room 
temperature 
 
 
 
Presence of oxidative 
agents 
 
Amount of precursor; 
μg scale 
 
 
Labelling yield less 
proportional with 
amount of precursor 
 
 
Elevated temperature  
(100-180º C) 
 
 
 
Presence of reducing 
agents (Cu+-catalysis) 
 
Amount of precursor; 
mg-scale 
 
 
Labelling yield 
proportional with 
amount of precursor  
 
Elevated temperature 
(100-180º C), often 
higher (compared with 
isotopic exchange 
 
Presence of reducing 
agents (Cu+-catalysis) 
 
Amount of precursor; 
mg-scale (preferable 
small amount) 
 
Labelling yield 
proportional with 
amount of precursor 
Purification step Facile HPLC-
purification  
(solid-phase-extraction 
possible) 
 
Often little, or no 
purification (in case of 
quantitative labelling) 
Sometimes difficult 
HPLC-separation to 
remove precursor 
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Nucleophilic isotopic exchange 
  
 
 
 
 
 
 
 
 
[123I]-MIBG.  Routine productions start with approx. 11 GBq [123I-]I- on time of 
synthesis (n>1000).  To a freeze-dried reaction mixture (kit) containing 2 mg of 
MIBG.1/2H2SO4, 0.5 mg of SnSO4, 5 mg of 2,5-dihydroxybenzoic acid, 11 mg of citric 
acid and 0.1 mg CuSO4 is added nca 123I/H2O to an end volume of 1 mL.  This 
reaction mixture is flushed with N2 and heated at 121º C during 25 min. 
The quantitative labelling (? 99%) allows the labelled pharmaceutical to be diluted, 
without purification.  So addition of an isotonic citrate buffer (pH 4), gives an activity 
concentration of 74 MBq.mL-1 ART(activity reference time - about 30 h after 
synthesis) and a specific activity of 40 GBq.mmol-1.  
This diluted [123I]-MIBG is dispensed through a 0.22 μ filter, in a shielded laminar 
down flow box, into clean vials and sterilized by autoclavation.  The radiochemical 
purity of the finally autoclaved radiopharmaceutical is higher than 97 % (at ART) and 
its overall yield more than 95 %. 
 
Nucleophilic non-isotopic exchange 
 
 
 
 
 
 
 
 
 
 
[123I]-iomazenil.  Routine productions start with approx. 11 GBq [123I-]I- on time of 
synthesis (n>500).  To a freeze-dried reaction mixture (kit) made up of 1 mg bromo-
mazenil, 0.2 mg SnSO4, 4 mg 2,5-dihydroxybenzoic acid, 5 mg citric acid and 0.1 mg 
CuSO4 is added nca Na[123I]I (+carrier; 0.41 nmol sodium iodide/37 MBq 
123I)/H2O/EtOH (v/v=70/30), to an end volume of 1 mL.   
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The collected [123I]-5-iodo-R91150 (HPLC-fraction) is diluted with an isotonic citrate 
buffer (pH=6, containing 1 mg hippuran per mL) and filtered through a Millipore LG-
filter and subsequently dispensed and sterilized by autoclavation.   
The formulated [123I]-5-iodo-R91150, with a high specific activity (70 TBq.mmol-1), 
has a radiochemical purity higher than 96 % (at ART), and an overall yield of 55-60 
%. 
 
Electrophilic labelling using a Sn-precursor 
 
  
 
 
 
 
 
 
[123I]-?-CIT.  Routine productions start with approx. 3 GBq [123I-]I- on time of synthesis 
(n>100). 
To a V-vial, containing 20 μg of trimethyltin-?-CIT in 300 μL of HOAc (99-100 %) is 
added 100 μL nca Na[123I]I and successively, three times 15 μL of H2O2 (30%-
solution - at 0, 10 and 15 min).  The reaction is stopped at 20 min by adding 0.5 mL 
of sulfite in alkaline-solution (0.5 mol.L-1 in 4.5 mol.L-1 NaOH). 
Purification is done by HPLC (RP Select B; 250 x 4 mm, 10 μ - with an isotonic; 
EtOH/acetate-eluent, 40/60 - flow 0.55 mL.min-1 - Rt 15 min).  The reaction-mixture is 
therefore on-line concentrated on a guard-column (10 x 10 mm).  
The [123I]-?-CIT (HPLC-fraction) is diluted with an isotonic citrate buffer (pH 5), 
dispensed and sterilized by filtration.  The labelling yield is higher than 95 %, and its 
radiochemical purity more than 98 % (at ART).   
In the case of R91150, the presence of two electron-donating groups favours 
electrophilic labelling and directs the radioiodide specifically.  A nucleophilic, non-
isotopic exchange (*I/Br) resulted in a poor labelling yield, due to deactivation by the 
two mentioned groups [31].   
For the labelling of ?-CIT a demetallation method is necessary to prevent formation 
of other isomers.  On the other hand, nucleophilic exchange is not recommended, 
because of hydrolysis of the ester function.   
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In our experience, however, in sufficient acidified conditions (pH ? 3), hydrolysis (by 
heating in autoclave; 25 min at 121º C) can be limited to less than 1 %, while higher 
pH-values favour hydrolysis considerably. 
 
?
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As one can imagine, the work-up procedure is greatly dependent on the applied 
labelling method.  Due to the quantitative labelling in nucleophilic, isotopic exchange 
(e.g. MIBG), dilution, filtration and autoclavation of the diluted reaction mixture after 
labelling might be enough.   
However, when the amount of precursor is reduced in order to obtain a higher 
specific activity, the radiochemical yield drops, leaving free iodide in the final product. 
In these special cases, trapping of the free radioiodide by means of a silver 
membrane might be a possible solution [32]. 
In general, preparative high performance liquid chromatography (HPLC) is needed to 
obtain a (radio)chemically pure compound.   
In order to obtain a labelled compound for human use, a water/ethanol mixture is 
used as elution solvent in reversed-phase HPLC.   
Since under these conditions the brominated precursor, of which a few milligrams 
have been used, comes off first, it might occur that the iodinated product is collected 
while the precursor peak is still tailing.  This amount of pseudo-carrier, which mostly 
also has affinity for the receptor under investigation, reduces the effective specific 
activity.   
Methods to prevent this are, firstly, a second HPLC separation or, secondly, using a 
smaller amount of precursor to obtain an initial better separation.   
The disadvantages are obvious.  The first requires more time and thus leads, in 
addition to the loss of the second separation, to a lower overall yield due to decay.  
On the other hand, a lower amount of precursor also often leads to a lower 
(radio)chemical yield.   
The above problems do not occur when an electrophilic route on a Sn-precursor has 
been chosen. Normally these precursors have a longer retention time than the 
iodinated products. Unfortunately, although the amount used is only a few 
micrograms and even given the possibility of using an analytical column for a 
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Figure 4 Preconcentration before HPLC separation. (A) Load, (B) inject 
 
 
7. Formulation and sterilization 
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Figure 5 Radiochromatograms [123I]-5-iodo-R91150 
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But for reasons of toxicity only OIH was allowed by the hospital pharmacist.   
A low amount of 1 mg.mL-1 OIH, in the formulated [123I]-5-iodo-R91150 doses, was 
sufficient to obtain radiochemical purities higher than 97 % (24 h after synthesis and 
autoclavation). 
Sterilization of the end product by membrane-filtration can sometimes be 
troublesome.  The lipophilicity of the radioligand can lead to retention or stickiness of 
the radioligand on the membrane. 
Addition of ethanol, to a limited extent (i.e. less than 12 vol %), pH-adjustment of the 
diluent, or pre-saturation (in case of low specific activity) with carrier of the filter-
membrane, can lead to an improvement.  However, an adapted choice of membrane 
material can be more useful.   
In most cases, usage of a PVDF-membrane (Millex-GV, low protein binding) gives 
satisfactory results.   
However, in the case of R91150, none of the above-stated adaptations resulted in 
any improvement, and losses of radioactivity (on the membrane) still remained high 
(20-30 %). 
Therefore, other membrane filters were tested, and usage of filters with a PTFE-
containing membrane (hydrophilic; Millex-LG or hydrophobic; Millex-FG; with pre-
treatment with ethanol and diluent) gave a reproducible radioactivity loss of less than 
5 %. 
 
?
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Administration of radiopharmaceuticals requires a certified sterile and pure product, 
complying with the radiochemical and chemical purity as specified. 
Taking a broad view, this concept should not only be applied at the end of the 
process or for the end product, but rather, each step of the whole process should be 
evaluated as part of a contribution to the purity of the end product.   
This is, in fact, one of the basic principles of good manufacturing practice (GMP). 
For these reasons, the processes we have described above were developed and 
assessed using simple parameters, like feasibility, reliability and purity.   
As shown in the ‘Nucleophilic and Electrophilic Methods’ sections, pragmatic and 
non-complicated reaction-conditions and work-up procedures are utilized. 
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Radioiodine can be adsorbed on a small column filled with platinum powder from an 
acidified aqueous solution. The adsorption is nearly quantitative, irrespective of the 
oxidation state of the iodine used.  
With an alternated flow of hydrogen gas and solvent, the radioiodine can be 
desorbed from the platinum into an aqueous or organic solvent.  
Depending on the solvent used, the desorption process is also nearly quantitative, 
and the eluate obtained contains almost pure radioiodide. ?
Using this method, labelling reactions with radioiodide are no longer restricted to 
water-stable substrates and catalysts.  
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2. Results and discussion 
 
2.1. Adsorption behaviour 
 
In the literature a mechanism is proposed in which acidic conditions are required to 
adsorb radioiodine on a reduced platinum surface (Figure 1) [8].   
Experiments at different pH values showed that the adsorption of radioiodine on the 
platinum surface significantly decreased when the pH of the loading solution was 
above 8, giving evidence for the proposed mechanism.   
Therefore, in the standard loading procedure, radioiodine was dissolved in 5 mmol.L-1 
sulfuric acid, ensuring a pH of the loading solution between 2 and 3 (Figure 2).   
In order to investigate the loading characteristics of the platinum column, ten loading 
experiments were performed according to the procedure described in the experimen- 
tal section, using 123I as a tracer. 
 
 
 
 
Figure 1  Proposed mechanism for adsorption of radioiodine on reduced platinum 
 
   
 
Figure 2  Influence of the pH of the loading solution on the adsorption 
             efficiency 
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2.2. Desorption behaviour for water?
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2.3. Ruggedness of the total process 
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Table 1  Influence of inorganic compounds on the yields of adsorption 
          and desorption 
?
???? ??????????? ????????????? ??? ??? ? ???????? ??? ???? ???? ???????? ??? ????????? ??? ????
??????? ???????? ?? ????????????? ??? ????????????? ? ???? ?????? ?????????? ????????? ????
????????? ???? ???????????? ? ??? ???? ?????? ?????? ????? ???? ????????????? ??? ?????????
??????????????????????????????????????? ????????????????????????????????????????????
?????? ????? ??????? ??? ???????????? ???? ???? ?????? ???? ??????????? ???? ???????????
???????????????????????????????
??? ?????? ??? ???????????? ???? ????????? ????? ?????????????? ????????????????????????? ????
?????????? ???? ????? ?????????? ????? ?????????? ??????? ?????????? ????????? ??? ???????????
??????????????????Table 2??
?????? ??????????? ??? ???? ??????? ????? ????????????? ?????????? ?????? ???? ??????????
????????????????????????????????????????????????????? ???????????????????
??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
??
?????????
??? ?? ??? ???? ?????????? ??? ?????????????? ? ????????? ?????? ??? ????? ???? ?????? ??? ????
?????????????????????????????????????????????????????????????????????????????????????
??????????????????????????? ????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????
?
?????????????????
?
?
??
?
?
??????????????
????????????
?????????
???????????
?????
?
???????????
????
?
?????????????????
?????
?
???????????????? ?? ??????? ??????????? ??????????? ???????????
???????????????? ?? ???????????? ??????????? ??????????? ???????????
???????????????????????? ??? ???????????? ??????????? ??????????? ???????????
???????????????? ?? ??????????? ??????????? ??????????? ???????????
???????????????? ?? ???????????? ??????????? ??????????? ???????????
??????????????????????????
?????????????
?? ???????????? ??????????? ??????????? ???????????
?
??????????????????????????????????
??????????????????????????????????
?
Table 2  Recovery yield (%) of processing different radioiodine isotopes
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Figure 3  HPLC radiochromatogram of the loading solution (A)  
          and of the eluate (B)?
?
??????? ?? ??????? ??? ?????? ??????? ??????????? ??? ??????????? ???????? ??? ????? ???? ????
????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????????????????????????????
????????????Table 2 ?????????????????????????????????????????????????????????????? ?????
?????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????
????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????
????? ???????? ??? ???????????? ??? ??????? ?????????? ???????? ???? ??? ?????????? ????????
??????? ??? ??????????? ????? ??????? ??? ??? ????? ?????????? ?????? ???? ????????? ???????
?????????????????????????????????????????????????????????????????????????????????????
?????? ? ????????? ????????? ????? ??? ????? ??????? ??? ?? ?? ???? ???????????? ???????? ????
???????? ???????????? ?????? ????????????? ????????????????????? ???????? ????? ?????????????
????????????????????????????????????????????????????????????????????????????????????
????????????????????Table 2??
??? ????? ?????? ?????? ????? ???? ???? ??????????? ??? ????? ??? ?? ???? ???????? ???????? ???
???????????????????????????????????????????????????????????
????????????? ??? ???????????? ????????? ?????????????? ???????????????? ???? ?????????
????????????????????????
?
??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
??
?????????
Adsorption of radioiodine was now found to be in the order of 80 %.  The 20 % loss is 
probably due to the fact that some radioiodine might be present in a chemical form 
that cannot be trapped on platinum, e.g. as tellurium-radioiodine species. 
Processing of 124I produced by irradiation of enriched tellurium is still under 
investigation, but Table 2 indicates that purification and concentration on platinum 
might be the method of choice. 
In order to investigate whether radiation damage might influence the processing, 570 
MBq of 123I and 37 MBq of 131I were loaded on two different platinum columns, and 
harvested after 48 h, for which time the dose to the platinum can be estimated to be 
750 and 460 Gy, respectively.  In both cases, desorption yields were higher than        
97 %, and again only radioiodide was measured in the eluate.  
In addition, in an attempt to eluate the iodine in a gaseous form, no loss of activity 
was found upon heating the column till 300º C.  
This radiation and thermal stability indicates that adsorption of radioiodine on a 
platinum column can be a valuable method for transportation, simultaneously 
preventing the formation of radioiodine species other than radioiodide. 
 
2.4 Radioiodine recovery when using organic solvents. 
In order to obtain the radioiodide in anhydrous media, desorption was executed by an 
alternated flow of hydrogen gas and an organic solvent with or without addition of a 
base.  
A number of solvents were not able to extract any activity from the column.  These 
solvents were diethyl ether, 1,4-dioxane, n-hexane, toluene and p-xylene.  As 
demonstrated for water, the addition of a base improves the yield of radioiodide 
harvested from the column, and prevents oxidation in solution.  
Therefore, for other solvents, the yield was determined with and without the addition 
of 1,8-bis-(dimethylamino)naphthalene (Proton-Sponge), as this compound is a non-
nucleophilic base which has excellent dissolving properties in most organic liquids. 
The results of the experiments are given in Table 3.   
For all solvents tested, at least three experiments were performed with results that 
did not differ significantly.  
As is indicated in Table 3, addition of Proton-Sponge in most cases increased the 
yield of radioiodide, although not significantly.  
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------Radioiodine concentration using a platinum column
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Table 3  Recovery yield (%) and radiochemical purity with respect to radioiodide  
  in eluate (%) 
?
?
?
??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
??
 Radioiodine analyses in the eluate (aqueous recovery) were executed by ion-pair 
chromatography using HPLC.  Verification of the required radiochemical identity of 
iodide in the radioactive peaks, was performed by means of coinjection of standard 
carrier solutions (NaI and NaIO3), in comparing with the UV signal.  
In case of radioiodide, recovered in organic solvents, the radiochemical purity was 
checked by an Ionospher ion-exchange column.   
This has been done to circumvent the interference of the organic solvent with the ion-
pair separation mechanisms, resulting in poor peak symmetry and irregular retention 
times. 
Analysis of the eluted products was performed at a maximum of 2 h after processing 
and after a period of 20 to 24 h.  For all solvents HPLC recoveries were above 95 % 
of the injected amount of radioactive material.  In a number of solvents (DMSO, 
methanol and water), virtually only the iodide form was present.  An example using 
DMSO as eluting solvent is depicted in Figure 4. 
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 However, for the other solvents like acetone, acetonitrile, DMF, ethanol and NMP, 
small fractions of side products were detected.   
Oxidation of radioiodide in an acidic or neutral environment in water is known [9], and 
this oxidation in water can be stopped or even reversed by addition of a strong base.  
In acetonitrile and ethanol, formation of oxidation products could be prevented by 
addition of Proton-Sponge.  
Addition of p-toluene sulfonic acid enhanced the formation of side products in these 
solvents; addition of potassium tert-butoxide reversed this process within 1 h.  
In acetone and DMF, the addition of Proton-Sponge did not prevent the formation of 
these side products, but after addition of an equal amount of the stronger base 
potassium tert-butoxide, the unknown side products were transformed into 
radioiodide again.  
This indicates that these unknown compounds are species of radioiodine in higher 
oxidation states, rather than radioiodine containing organic compounds.  
In NMP, however, the addition of Proton-Sponge promoted the formation of by-
products.  Addition of potassium tert-butoxide even speeded up this process.  
This indicates that other processes than oxidation decrease the content of free 
radioiodide in this solvent.  As formation of side products in NMP cannot be 
prevented by addition of a simple reagent, this solvent is not suitable for radioiodide 
labelling reactions.  
Eluates were also checked for inorganic contaminants.  Using ICP-AES, traces of 
platinum in the eluates in water could not be detected, whereas the detection limit is 
only 0.05 ?g.mL-1.   
So, the amount of possible platinum in the final product does not preclude this 
method to be used in radiopharmaceutical productions.  
Another possible contaminant is 121Te.  In the production of 123I using the (p,2n) or 
(p,pn) reaction on 124Xe, also some 121I is formed.  
This 121I cannot be separated from the 123I produced, causing the presence of the 
daughter of 121I in the product solution, which is 121Te.  
To investigate the behaviour of tellurium on the column during the process a few 
standard 123I productions were performed.  Samples of the products were taken, and 
stored for the decay of 123I.  After 1 to 4 weeks, the product solution was measured 
and compared to a representative sample of the used loading solution.  
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 Na[131I]I (no carrier added) in NaOH was obtained from Amersham, Great Britain.   
Dry 200 mesh platinum powder from Alfa was used and handled with an appropriate 
sieve to remove smaller platinum particles (<10 μm).  Empty columns, 0.2 μm 
screens and Kel-F sealing rings were obtained from Varian.  Nitrogen and hydrogen 
gases were of 5.0 grade and purchased from Hoekloos, The Netherlands. 
 
3.2. Analyses 
 
Radioactivity was measured using a Veenstra dose calibrator, type VDC 404.   
Check of the radiochemical purity of iodine containing solutions was performed by 
HPLC analysis.  A LKB Pharmacia 2249 pump was coupled with a LKB Pharmacia 
VWM 2147 UV detector (229 nm) and a flow-through radioactivity detector (Ortec 
Electronics).   
Radioiodine solutions in water were analyzed as published [9, 11].  Radioiodine 
solutions in organic solvents were analyzed using an IonoSpher A 5 μ-column, 100 x 
3mm (Varian); eluent: 0.05 mol.L-1 KH2PO4 in water, adjusted with H3PO4 to pH 3.5, 
flow 0.8 mL.min-1.  
In a typical analysis, 5 μL of a sample was coinjected with 0.05 μL of the 1 % solution 
of NaI.  Radionuclidic purity was measured using a Canberra S100-gamma 
spectrometer with a Ge(Li) detector.   
Concentrations of chlorine and bromine in the 1 mL concentrate were determined 
using PIXE (particle induced X-ray emission) analysis with 100 ppm yttrium as 
internal standard [12].   
The concentration of platinum was determined using ICP-AES on axial plasma with 
three standards (Pt-ICP standard: 100-1000 ppb). 
 
3.3. Adsorption/desorption experiments 
 
All experiments were performed using a self-developed low-pressure (0-1 bar) 
system as shown in Figure 5.  The whole system is mounted on a panel.  
All connections between column, valves and vials are made of 0.8 mm i.d. PTFE 
tubing.  Liquids are pushed through the system by nitrogen or hydrogen gas.  
A Varian minicolumn, 10 x 3 mm, is filled with 360-400 mg of 200 mesh platinum 
powder.   
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Before each experiment, the Pt column was activated with a flow of hydrogen gas of 
10 mL.min-1 for 10 min.  After activation, the system was purged with nitrogen for 10 
min at a flow of 10 mL.min-1 to remove traces of hydrogen and oxygen from the 
system. 
The loading solution was prepared by dissolving 20 mL of the carrier iodide stock 
solution, equivalent to 74 GBq of 123I, in 10 mL of 5 mmol.L-1 sulfuric acid.  
As a tracer, 10-40 MBq of 123I in water was added, and the loading solution was 
passed through the platinum column under nitrogen with a flow of 1 mL.min-1.   
After loading, the column was washed with 5 mL of water.   
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Abstract 
Removal of free radioiodide from *l-radiopharmaceuticals was easily performed by 
using a pure metallic silver membrane, placed in a screwable holder.
Well-known radiopharmaceuticals such as 3-iodobenzylguanidine, Hippuran, ioma- 
zenil and fatty acids were treated successfully, and gave reproducible results.  Only a 
trace of free radioiodide (<1 %) was left after passing the silver membrane, while rest 
activity due to retention of the radiopharmaceutical on the membrane was negligible 
(2-5 %).  This simple and reliable method offers the possibility of application as a last 
purification step in routine productions, in research or in a nuclear medicine 
department's pharmacy. 
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 redox equation    Eº (V) 
AgI + ? ? Ag + I-    - 0.15 
AgF + ? ? Ag + F-    0.779 
AgCl + ? ? Ag + Cl-    0.22 
AgBr + ? ? Ag + Br-    0.07 
AgIO3 + ? ? Ag + IO3-    0.354 
 
 
???????? ?Standard electrode potentials for aqueous solution?
 
In conclusion, the use of a silver membrane to remove free radioiodide from 
radiopharmaceuticals prepared by a nucleophilic route, which is always executed in 
the presence of an excess of reducing agents, is easy and very efficient.   
For electrophilic prepared radioiodinated tracers, where iodine can be present in 
oxidized forms, one might encounter some problems.   
In these circumstances a reducing agent is necessary.  For instance, addition of 
Na2SO3 to a slightly alkaline solution containing oxidized iodine forms still gave the 
same trapping efficiency of more than 98 %.   
On the basis of the above results, Millipore is now investigating the possibility of 
incorporating a silver membrane into their more practical and sterile Millex filter 
holder. 
 
 
??? ????????????? ???????
 
3-Iodobenzylguanidine (MIBG) sulphate and 3-methyl-15-(4-iodophenyl)-
pentadecanoic acid (BMIPP) were purchased from EMKA-Chemie GmbH (Germany), 
ethyl-5,6-dihydro-7-bromo-6-oxo-4H-imidazo[1,5a] [1,4]benzodiazepine3-carboxylate 
(bromazenil) from Hoffmann-La Roche and (2-iodobenzoyl)-glycine (Hippuran) from 
Merck.  All reagents had a purity of ? 99 %.   
Reagents used for labelling, such as gentisic acid (Janssen Chimica), CuSO4.5H2O 
(Merck), SnSO4 (Janssen Chimica), citric acid (Merck) and sodium iodide (Merck) 
were analytical grade.   
Radioiodide (Na[123I]I, no carrier added) in 10-2 M NaOH, was obtained from 
Mallinckrodt Medical, The Netherlands. 
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To apply the Cu+-assisted nucleophilic exchange based  radioiodination of aromatic 
compounds for more lipophilic compounds the reaction is carried out in mixed solvent 
conditions.  Due to its physicochemical properties acetonitrile is an attractive solvent. 
Although acetonitrile forms complexes with Cu+ decreasing the labelling yield.  
This article describes a method for the determination of the complex constant at 
labelling temperature based on a Lineweaver-Burk approach, relating the reaction 
rate constant and the concentration of precursor in presence of different amounts of 
acetonitrile.   
The method also allows to calculate the adjusted amount of copper salt in order to 
obtain the same high labelling yield as obtained in absence of acetonitrile.
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The current awareness of problems in the global world supply of 99Mo, can lead to an 
increased demand of cyclotron-produced radioisotopes, for instance 123I for the 
production of radioiodinated SPECT tracers.   
In this context, the Cu+-assisted nucleophilic radioiodination method has proven its 
use for the production of 123I-labeled radiopharmaceuticals, on both a single center 
and industrial manufacturing scale [1].   
The Cu+-assisted nucleophilic exchange radioiodination of aromatic compounds in 
acidic and reducing conditions can be used with success in mixed solvents when 
lipophilic compounds, like brain receptor tracers, are involved [2, 3, 4].   
Due to its physicochemical properties, acetonitrile (ACN) is a common used solvent 
for nucleophilic exchange reactions in mixed solvent conditions.   
Moreover acetonitrile is often present in the mobile phase used for HPLC recovery of 
a no carrier added radioiodinated compound coupled to the azeotropic distillation at 
low temperature of the ACN / water mixture.   
ACN forms as a soft Lewis base stable complexes with the Cu+-ion, a soft electron-
pair acceptor [5, 6, 7].  When applying the Cu+-assisted nucleophilic exchange 
radioiodination, the complexation of the Cu+-ions causes a considerable decrease of 
the labelling yield [8].  
As the complex formation constants reported in literature are obtained at room 
temperature [9] it is needful to develop a method to estimate the Cu+-ACN  complex 
formation constant at the higher temperatures required to obtain high labelling yields. 
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Figure 1  Nucleophilic radioiodination - reaction mechanism 
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Figure 2 Influence of ACN on the reaction rate, variable [OIH];  kobs versus [OIH]?
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and Kd representing the dissociation constant of  the (Cu-OIH)+ complex. 
Plotting the reciprocal  kobs values as a function of 1/[OIH], three straight lines with 
different slopes with the same intercept on the Y-axis are obtained (Figure 3).   
      
        
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
         
 
 
- values are represented as mean values, n=3, 
    - reaction mixture : X mg OIH, 5 mg gentisic acid, 7 mg citric acid 
                                                              and 3.25 μg CuSO4.5H2O 
 
????????   Influence of ACN on the reaction rate,variable [OIH];   
                 1/kobs versus 1/[OIH] 
 
As those lines have the same intercept on the Y-axis it can be assumed that the 
interaction between the catalytic Cu+- ion and both the arylhalogen compound and 
ACN is competitive. 
?, the ratio of the slopes obtained, respectively, in presence and in absence of ACN, 
allows to calculate the respective Kd values of 0.303 mol.L-1 ± 0.025  ([ACN] = 0.285 
mol.L-1) and 0.354 mol.L-1 ± 0.025   ([ACN] = 0.570 mol.L-1) of the (Cu-ACN)+-
complex.  
This corresponds to a mean Kc value of 3.1 ± 0.1. 
The complex formation constant of Cu+ with the arylhalide entity is about 110 higher 
than with ACN. 
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This method also gives the opportunity to apply  an “adjusted” Cu+-concentration in 
presence of ACN, with a labelling yield as high as in absence of ACN, by multiplying 
the initial Cu2+-concentration by ?. 
Assuming that the complex formation between Cu+ and ACN  can be represented by 
Cu+ + ACN ? (Cu-ACN)+    
and, [ACN]o >>  [Cu+]0    
[(Cu-ACN)+] = [Cu+]0 - [Cu+]    
then,[Cu+].{1+Kc.[ACN]o}? [Cu+]0 
 
The actual [Cu+] in presence of ACN can now be written as, 
??
?
? 0][Cu  ][Cu  
or to obtain the concentration of free [Cu+] required  for an optimal labelling yield, the 
amount of  copper sulfate in the reaction mixture has to be multiplied by ?. 
As a proof of principle the labelling experiments in presence of ACN were repeated 
with an “adjusted” Cu2+-concentration, being the initial Cu2+-concentration multiplied 
by the corresponding ? values, i.e. 1.94 and 2.61 respectively.   
The results depicted in Figure 4 show, using the “adjusted”  amount of copper salt,  
kobs reached the same values as obtained in absence of ACN. 
 
 
 
 
 
 
 
    
  
 
 
    
 
 
- values are represented as mean values, n=3, 
    - reaction mixture : 1 mg OIH, 5 mg gentisic acid, 7 mg citric acid 
                                      and X μg CuSO4.5H2O 
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Figure 5  Influence of ACN on the reaction rate, variable [MIBG];   
  1/kobs versus  1/[MIBG]?
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Labelling experiments in presence of ACN were repeated with an adjusted Cu2+-
concentration, i.e. 95 and 130 ?L Cu2+-solution in case of 0.285 and 0.57 mol.L-1 
ACN respectively. 
  - Labelling experiments using MIBG as substrate; 
(c) with variable MIBG-concentrations :  
5 mg gentisic acid, 7 mg citric acid, and different amounts of MIBG, i.e. 0.5, 0.75, 1, 
and 1.5 mg MIBG, were weighed and dissolved in 0.75 mL water (range [MIBG] = 
1.54 x 10-3 - 4.63 x 10-3 mol.L-1) and subsequently the addition of 120 ?L Cu2+-
solution (1.281 x 10-3 mol.L-1).   
Labelling experiments were carried out in presence of  different amounts of ACN :  
0 and 0.191 mol.L-1.  The final volume was adjusted to 1 mL using aquapure water 
and the radioiodide was added.   
The reaction mixtures were heated at 110? C during 30 min . 
(d) adjusted Cu2+-concentration in presence of ACN :  
1 mg MIBG (3.09 x 10-3 mol.L-1), 5 mg gentisic acid and 7 mg citric acid were 
dissolved in 0.75 mL water and subsequently the addition of 120 ?L Cu2+-solution 
(1.281 x 10-3 mol.L-1).  Labelling experiments were carried out in presence of 0 and 
0.191 mol.L-1 ACN.   The final volume was adjusted to 1 mL using aquapure water 
and the radioidide was added.   
The reaction mixtures were heated at 110? C during 30 min .   
The labelling experiment in presence of ACN was repeated with an adjusted Cu2+-
concentration, i.e. 205 ?L Cu2+-solution.  
?
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In the Cu+-assisted nucleophilic exchange radioiodination, the interaction of the 
catalyst Cu+ with the arylhalide and ACN is competitive and allows to calculate the 
apparent complex constant by applying  Lineweaver-Burk (LWB)  plots.   
Moreover an almost quantitative labelling yield can be restored by adjusting the 
copper sulfate concentration simply by multiplying the original amount by the factor ? 
obtained from the LWB plots. 
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Nucleophilic Cu+-assisted radioiodination can be optimally performed at pH ~2.3 by 
using conventional reducing agents such as gentisic acid and SnSO4, mixed or 
separately.   
A mechanistic overview of the Cu+-radioiodination method is presented in the 
extended pH-range of 1-4.4.  At lower pH, these usual reducing agents show a 
distinct behaviour.  Oxidizing acids (HSO-4, H3PO4) must be avoided, where as redox 
neutral acids (trifluoroacetic acid or methanesulfonic acid) or reducing acids (H2SO3, 
H3PO2) are well tolerated.   
The presence of reducing acids makes the use of the usual reducing agents 
redundant.
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The well-established Cu+-assisted nucleophilic radioiodination method in acidic, 
reducing conditions has been successfully applied for the radiolabelling of different 
types of radiopharmaceuticals [1].   
Cu+-assisted nucleophilic radioiodination can be conducted via non isotopic 
exchange (*I/Br) and by isotopic exchange (*I/I) in water as well as in mixed solvents, 
e.g. fatty acids [2],  iomazenil [3] and amino acids [4, 5].   
A first mechanistic approach of the method has been described by Mertens and 
Gysemans (1991) [6].  The use of non-toxic auxiliary materials in the reaction mixture 
(i.e. reducing agents and complexing agent), as well as the potentiality of quantitative 
labelling and the absence of non radioactive and/or radioactive side products offer 
the opportunity for a "Kit"-development of iodinated radiopharmaceuticals.   
The reliability of this method proves its use not only in small laboratory scale 
preparations, but also in manufacturing production processes of 123I-labelled 
radiopharmaceuticals [3].   
The aim of this study is a mechanistic evaluation of the influence of the acidity and 
the effect of the redox properties of inorganic and organic acids that can be used in 
the reaction mixture for purposes of solubility or finalization of the pharmaceutical 
composition like phosphate buffer.  
In addition, modified reaction conditions are proposed, which can offer an alternative 
strategy for the standard reaction conditions.  
In this study the radiopharmaceutical meta-iodobenzylguanidine (MIBG) is used as 
reference molecule for radiolabelling. 
 
?
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Standard conditions are referred as those used for radiohalogenation as earlier 
described [3], i.e. 2 mg MIBG.1/2 H2SO4, 5 mg gentisic acid, 6 mg citric acid, 0.6 mg 
SnSO4 and 0.1 mg CuSO4 in 1mL water (pH of the mixture is ~2.3).   
The labelling yield obtained in these standard conditions amounts at least 99.0 %. 
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The labelling yield is defined as the ratio of the amount of the labelled compound to 
the initial amount of activity calculated from the surfaces of the peaks in the 
radiochromatogram. 
 
2.1  Comparison of the reducing potency of SnSO4 and gentisic acid upon    
       the labelling yield 
 
Figure 1 shows the influence of variable amounts of SnSO4 or gentisic acid upon the 
labelling yield at pH ~2.3.  The two reducing systems show a completely different 
pattern.  In the case of  SnSO4 an almost quantitative labelling using 7 redox-
equivalents (Sn4+/Sn2+//Cu2+/Cu1+) was achieved, while in case of gentisic acid the 
labelling yield slowly increases with the amount of the reductor and more than 30 
redox-equivalents are required to reach the maximal yield. 
 
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  - values are represented as mean-values, n=5 
  - reaction mixture, performed with single reducing agent; 
        - SnSO4 : 2 mg MIBG, X mg SnSO4, 6 mg citric acid and 0.1 mg  CuSO4.5H2O      
                    - gentisic acid : 2 mg MIBG, X mg gentisic acid, 6 mg citric acid  
                     and 0.1 mg CuSO4.5H2O 
?
????????  Labelling Yield of MIBG vs. Redox-Equivalents for [SnSO4] / [Cu2+]  
   and  [gentisic acid] / [Cu2+]-systems at standard pH ~2.3 
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2.2  Influence of pH upon the labelling yield 
 
The reaction mixture of standard kit conditions was assessed at three different pH-
values. 
Lowering the pH to ~1.0 using "redox neutral" acids, such as TFA and MSA, 
decreases the yields with about 15 % (Table 1) as compared to pH 2.3.   
No labelled side products were observed.   
A pH of ~4.4 still allowed a quantitative labelling, while at a higher pH the labelling is 
dramatically disturbed due to precipitation of insoluble Cu2O and/or hydrolysis of 
Sn2+.  
As expected, in presence of redox neutral acids at pH ~1, using only gentisic acid as 
reducing agent, low labelling yields were obtained (20-30 %), which can be explained 
in terms of the pH-depending redox potential of gentisic acid [7], while nearly 
quantitative labelling (97-98%) was observed in similar labelling conditions with only 
SnSO4 as reducing agent. 
 
 
 
pH labelling yield (%) 
1.0 84.9  ±1.2  
2.3 98.4  ±0.4 
4.4 98.6  ±0.4 
 
   - values are represented as mean-values, n=5 
   - reaction mixture : 2 mg MIBG, 0.6 mg SnSO4, 5 mg gentisic acid, 6 mg citric acid 
                                   and 0.1 mg CuSO4.5H2O 
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2.3  Influence of redox properties of acids 
 
2.3.1 Addition of reducing acids 
  
 
labelling yield (%)  
H2SO3                                            H3PO2 
 
(1) without reducing agent 
          
 
97.4  ±0.4                                     98.5  ±0.5 
 
(2) standard kit conditions 
 
 
98.7  ±0.3                                     98.7  ±0.3 
 
- values are represented as mean-values, n=5 
- reaction mixture : (1) 2 mg MIBG, 6 mg citric acid, 4 mg tartaric acid  
                                                  and 0.1 mg CuSO4.5H2O 
                         (2) 2 mg MIBG, 5 mg gentisic acid, 6 mg citric acid,  
                                                           0.6 mg SnSO4,and 0.1 mg CuSO4.5H2O  
 
???????  Addition of 'reducing acids' upon the labelling yield - at pH ~1 
 
 
As presented in Table 2, quantitative labelling can be obtained in presence of 
reducing acids (i.e. H2SO3 or H3PO2), alone, in the absence of the usual reducing 
agents (i.e. gentisic acid or SnSO4).  In this case the added acid 'itself' reduces the 
Cu2+ effectively to Cu+. 
 
2.3.2 Addition of oxidizing acids vs. redox neutral acids 
 
Figure 2  compares the mean labelling yields as function of the initial tin-
concentration [Sn2+]0, in presence of redox neutral acids (i.e. MSA or TFA) or 
oxidizing acids (i.e. HSO4- or H3PO4).  Mean values are used as well for the oxidizing 
acids, as those oxidizing acids (i.e. HSO4- or H3PO4) have comparable redox 
potential-values (i.e. resp. -0.22 and -0.276 V, [8] ). 
As the ion-pair chromatography revealed that the radioiodide is not oxidized, the 
origin must be the Cu2+/Sn2+- couple.    
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   - values are represented as mean values, of 2 acids, 
                       i.e. HSO4- and H3PO4 (oxidizing acids), and TFA and MSA (redox neutral acids), n=5 
                    - reaction mixture : 2 mg MIBG, X mg SnSO4, 6 mg citric acid, 4 mg tartaric acid, 
                                                   and 0.1 mg CuSO4.5H2O 
 
?????????  Labelling Yield of MIBG vs. [Sn2+] - at pH~1, 
                 redox neutral acids compared with oxidizing acids 
 
Figure 2 shows a complete different pattern for the oxidizing acids as compared to 
the redox neutral acids.  The yields obtained in oxidizing conditions are much lower 
and increase with about 10 % per mmol.L-1 of SnSO4, making the role of the 
oxidation of Sn2+ evident. 
 
 2.4  Reduction of  IO3- by SnSO4, gentisic acid and H3PO2   
 
At 110? C, Sn2+ allows a complete reduction of IO3- to I- within 10 min , while the 
reduction is incomplete with H3PO2 (Figure 3).  In those reaction conditions gentisic 
acid yielded several side products, meaning a clear conclusion could not be made. 
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?
????????  HPLC-UV chromatograms of reduction experiments of iodate  
                 at elevated temperature (110? C) in a citric acid solution 
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The nucleophilic pathway in the radiosynthesis of 123I-labelled radiopharmaceuticals 
is a reasonable approach attributed to the bifunctional behaviour of (radio)iodine as 
good nucleophile and as nucleofuge, and can be explained in terms of the HSAB 
principle [9].   
Cu+ was proven to be a suitable catalyst for this type of reaction [10].  
Figure 4 gives an overview of the mechanistic pathways of the Cu+-assisted 
nucleophilic exchange reaction in standard kit reaction conditions and in altered 
reaction conditions using reducing, oxidizing or redox neutral acids (gentisic acid and 
its oxidized form are depicted as resp. H2Q and Q ). 
The roles of the different protagonists involved in the exchange reaction are 
discussed below.  
Cu+ is the catalytic ion, indispensable in the nucleophilic exchange reaction.  
However, the instability of Cu+ in aqueous solutions, due to its susceptibility to air-
oxidation and disproportionation in aqueous medium [11, 12], forces the generation 
of the Cu+-ion in the reaction mixture by ' ín situ '  reduction. 
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                 altered reaction conditions 
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By using the colourimetric reagent 2,9-dimethyl-1,10-phenantroline (DMP or 
neocuproïne) [13, 14],  the Cu+ formation is unequivocally proven by the instant rise 
of the orange-coloured Cu(dmp)2+-chelate (shown in Photograph, and outlined in 
Figure 5). 
                               
 
 
                    Cu(dmp)22+    +    ē    ↔    Cu(dmp)2+ 
 
                                                   λmax= 700 nm               λmax= 454nm  
               
                                                       pale green                               yellow-orange 
2,9-dimethyl-1,10-phenanthroline
                (neocuproïne) 
Figure 5  Neocuproïne and the colour reaction
 
 
 
 
 
 
 
                        +          = 
 
        
     Cu(dmp)22+        RM         Cu(dmp)2+ 
 
Photograph   'In situ' Cu+-formation 
Figure 1 would suggest that using only gentisic acid or SnSO4 is sufficient for kit-
labelling.   
However, it is possible for no carrier added radioiodide solutions to contain higher 
oxidation states of radioiodine such as *IO3- [15], not suited for labelling.   
SnSO4 can reduce those species quantitatively to radioiodide, as mentioned earlier 
and currently proven in Figure 3 [6],  where in case of SnSO4, IO3- was not detected.   
Gentisic acid alone does not have this potency and turns to a yellow-brown solution.  
In the absence of  oxygen,  mandatory in the standard  kit  conditions-procedure,  the 
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--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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4. Materials and Methods 
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4.1 Reagents 
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4.2  HPLC equipment and analyses 
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4.3  Labellingprocedure and experiments 
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In the nucleophilic Cu+-method, the standard labelling conditions at pH ~2.3 can be 
extended to a pH-range of 1-4.4 .  However, using only gentisic acid as reductant, 
quantitative labelling can only be obtained in the pH range 2.3-4.4.   
Addition of acids with oxidative properties need to be avoided, while addition of redox 
neutral or reducing acids is well permitted.   
Labelling conditions using inorganic, reducing acids like H3PO2 make usual reducing 
agents redundant.  
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The Cu+-method, originally developed for aromatic compounds, has also been 
applied for radioiodination of pyridine rings.  The aim of this paper is a more 
fundamental approach of the different parameters ruling the Cu+-assisted 
radioiodination  of  the regiomers of pyridine.   
A mechanistic model is represented based on the mutual complex-formation 
properties of pyridine for Cu+ and Sn++.   It is proven that a part of the Cu+ catalyst, 
required for optimal labelling, is involved in a Halo-PyrN:Cu+-complex resulting in a 
lower labelling yield.   In case of 3- and 4-Br-pyridine the Sn++ present in excess 
versus Cu+ in the general reaction conditions, can displace Cu+ from its pyridine 
complex rendering it available as catalyst allowing a successful labelling.   
2-Br-pyridine, with the halogen atom in ortho position of the N atom, is an exception 
to that rule: the Cu+ ions reversibly bound in the Br-Pyr-N:Cu+-complex are also 
involved in an intramolecular transfer to the ortho C-Br bond resulting in an effective 
molarity exceeding the bulk concentration and a high labelling yield. 
Radioiodination  of a 2-halo-pyridine analogue is preferentially performed in absence 
of SnSO4, using only gentisic acid as reducing agent. 
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There is a plethora of potential radiopharmaceuticals containing a pyridine group.  
Their radioiodinated and radiobrominated analogues are of interest in nuclear 
oncology, in receptor imaging, and so on.  Moreover there is an increasing interest 
for 124I as theragnostic isotope for nuclear oncology.   
Pyridines are highly resistant to direct electrophilic halogenation and generally 
radioiodination is coupled to destannylation [1, 2].   
However in presence of the oxidative agents, required to generate I+, N-oxides can 
be generated. 
The Cu+-assisted nucleophilic exchange reaction in reducing conditions, with SnSO4 
and gentisic acid as reducing agents,  has been well established  for the 
radiohalogenation of aromatic compounds allowing one-pot preparations of 
radioiodinated radiopharmaceuticals [3, 4].  Mertens et al. proposed a reaction 
mechanism based on the formation of a Cu+-arylhalogen complex [5].   
Recently, Eersels et al. described the influence of the presence of compounds 
forming complexes with Cu+ [6]. 
As heteroaromatic rings such as pyridine and its analogues also show aromatic 
resonance, the Cu+-method developed for radiolabelling of phenyl rings is applicable 
to these compounds as well.  The Cu+-method to radiolabel pyridine containing 
radiopharmaceuticals was successfully applied for the radioiodination of pyridine 
containing radiotracers  although the conditions were not optimal [7, 8] (i.e. presence 
of Cl- ions [7]).  The optimal parameters for Cu+ assisted nucleophilic substitution of 
pyridine rings have however never been studied in detail.  
The aim of this paper is a more fundamental approach of the different parameters 
ruling the Cu+-assisted radioiodination  of regioisomers of pyridine.   
As the radioiodinated tracers containing a pyridine group are mainly applied in no 
carrier added conditions after HPLC purification, this study  focuses on the 
radioiodination by iodine-for-bromine exchange. 
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Figure 1  Mechanistic model : Radioiodination of halopyridines 
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although the -I effect of the bromine or iodine atom and its position on the 
heteroaromatic ring both influence the basicity of the lone pair bearing N atom [11].  
The labelling yields reflect the general theory claiming that in the pyridine ring 
substituted with a halogen atom at the 2- or 4-position, those positions are activated 
for initial nucleophilic attack, while the 3-position is less favourable [12, 13].   
As for aromatics, nucleophilic radioiodination proceeds with a higher yield for isotopic 
than for non-isotopic exchange.  In former case, an almost quantitative 
radioiodination can be obtained. 
 
 
 
Precursor 
 
pKa 
 
absence of Sn++ 
 
1.4 mmol.L-1 
Sn++ 
 
 
 
6.5 mmol.L-1 
Sn++ 
 
 
2-Br-pyridine 0.9 80.5 57.6 50 
3-Br-pyridine 2.8 20.1 28.3 46.9 
4-Br-pyridine 3.7 44.5 53.3 66.8 
2-I-pyridine 1.8 > 99 > 99  
3-I-pyridine 3.25 85 90  
4-I-pyridine 3.9 91 92  
?
  -values are represented as mean-values, n=5 (mean absolute deviation : ± 1.5 %) 
  -reaction mixture; 5.1 μmol precursor, 3.2 x 10-5 mol gentisic acid, 1.9 x 10-5 mol  
                 citric acid, X mol SnSO4 and 3.9 x 10-7 mol CuSO4.5H2O 
  -reaction conditions; 40 min at 110º C 
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???????  Influence of the addition of Sn++ upon the labelling yield 
 
 
Figure 2 illustrates that the course of the curve representing the apparent rate 
constant kobs ( = -Ln ???
?
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?
?
?
0]I[*
]I[*  = k´.t = apparent kobs [6])  as a function of the Cu+ 
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concentration follows a rectangular hyperbolic pattern, proven by the 1/kobs versus 
1/[Cu+] plot typical for a saturable process.   
This means, as observed for aromatic compounds, that also for heteroaromatic rings 
such as pyridine, the Cu+ catalyst itself is rate limiting by a self-inhibition reaction, i.e. 
in acidic reducing conditions Cu+ can act as a nucleophile attacking the arylhalogen-
Cu complex, as earlier described in the mechanistic model for the  radiohalogenation 
of aromatic rings [5, 6]. 
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   -reaction mixture; 5.1 ?mol 3-Br-pyridine, 3.2 x 10-5 mol gentisic acid,  
                   1.9 x 10-5 mol citric acid, X mol SnSO4 and X mol CuSO4.5H2O 
   -reaction conditions; 40 min at 110º C 
 
?
????????  Labelling 3-Br-pyridine; kobs as function of [Cu+], 
    in absence and presence of SnSO4 
?
One has to be aware of the potency of complex formation of metal cations with the 
lone electron pair of the N atom.  It is reported in literature that heteroaromatic N 
atoms, such as in pyridine, can complex metal ions like Cu+ and  Sn++ [14, 15, 16]. 
A part of the Cu+ catalyst  required for optimal labelling can thus be involved in a 
Halogen-PyrN:Cu+-complex thus lowering the amount of  the Pyr-Halogen-Cu  
  ? absence of SnSO4 
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Figure 3  Inhibition of MIBG-labelling in presence of X-Br-Pyr 
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Figure 4 shows that the labelling yield of 2-Br-pyridine decreases with increasing 
amount of SnSO4 showing a sigmoid  curve proper to an inhibition process.   
At the endpoint of the sigmoid curve in Figure 4, corresponding to the Sn++ 
concentration (1.4 x 10-3 mol.L-1) currently used, the relative decrease of the labelling 
yield  is  about 40%. 
This phenomenon can be explained by assuming that in case of 2-Br-pyridine, with 
the halogen atom in ortho position of the N atom, the Cu+ ions reversibly bound in the  
Br-Pyr-N:Cu+-complex are involved in a reversible  intramolecular transfer to the C-Br 
bond of the heteroaromatic ring as shown in Figure 1.b .   
In intramolecular interactions the resulting effective molarity of the interacting groups 
can then exceed the bulk concentration with a high factor [17,18].   
The result is that  for 2-Br-pyridine in absence of Sn++ ions the apparent rate constant 
kobs is about the double as compared to that observed in presence of  Sn++, although 
in last case  the amount of Cu+ in the bulk solution available to act as a catalyst is 
higher.  On the other hand this phenomenon also occurs in case of the X-PyrN:Sn++-
complex whereby the apparent concentration of Sn++ in the vicinity of the C-Br bond 
is very high thus decreasing the probability of  the interaction  - lowering of the 
frequency factor -  of Cu+ ions with the C-Br group.   
This can explain the lower yield obtained for 2-Br-pyridine (50 %) as compared to 4-
Br-pyridine (67 %) in presence of 6.5 x 10-3 mol.L-1 of Sn++ ions (Table 1).   
These findings show that if 2-halo-pyridine analogues are concerned, the 
radioiodination is preferentially performed in absence of SnSO4.??
 
 
??? ????????????? ???????
 
3.1   Reagents 
 
All reagents and solvents were obtained from commercial suppliers and were HPLC- 
or analytical grade and used as such.   
Nitrogen was 5.0-grade and purchased from Hoekloos, The Netherlands. 
Radioiodide (Na[123I]I, no carrier added; specific activity of 8695 GBq/?mol) was 
supplied by Covidien, The Netherlands. 
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3.2  Radioiodide recovery for labelling 
 
The supplied  Na[123I]I solution (600 MBq, 60 MBq.mL-1, pH ~7) was concentrated 
and recovered in a 10-2 mol.L-1 NaOH solution, using the earlier described Pt-method 
[19].    
The volume activity of the recovered solution amounted to 1200 MBq.mL-1.   
 
3.3  HPLC equipment and analyses 
 
Control of the radiochemical purity of the free [123I-]iodide was performed by means of 
ion-pair chromatography, as earlier described [20, 21]. 
HPLC set-up : Rheodyne injector (0.1 mL loop), a Jasco pump with a Jasco UV 
monitor at 230 nm a flow-through NaI(Tl)-radioactivity detector (Ortecs electronics, 
Oak Ridge, USA), a LiChrosorb RP Select B column (Merck, Darmstadt, Germany), 
5?, 125x4 mm.   Samples of the reaction mixtures were analyzed with a MeOH/0.08 
mol.L-1 sodium dihydrogenphosphate solution 35/65 (v/v) (pH ~4.9) as mobile phase 
at a flow rate of 1.2 mL.min-1 .   
All chromatographic data were filed and analyzed using Gina Star (Raytest) software, 
version 14.0. 
 
3.4  Labelling procedure and experiments 
 
Meta-iodobenzylguanidine sulfate (MIBG) was donated by Covidien, The 
Netherlands.   
2- and 3-Br-pyridine and their iodinated analogues (2-, 3- and 4-I-pyridine) were 
bought from Aldrich in their free-base form.  4-Br-pyridine was only  available as the 
hydrochloride salt.  Therefore conversion to its acetate form was required.   
 
Conversion  procedure of 4-Br-pyridine.HCl :  
This was performed on a custom made anion-exchange column.  The column 
consists of 600 mg AG1-X8 (Cl- form, 100-200 mesh, Bio-Rad, The Nederlands) kept 
on a glass-wool support in a 2 mL  syringe (Ø 10mm).  The column was successively 
rinsed with 3 mL of  a 1 mol.L-1 NaOAc solution and 2 mL of water. The apparent 
volume of the resin was about 0.2 mL. 
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6 mg (3.08 x 10-5 mol) of  4-Br-pyridine .HCl  was dissolved in 0.5 mL of a water/ 
ethanol : 9/1  mixture.  This solution was transferred to the resin and elution occurred 
by a slight air pressure until the resin was apparently dry.  
HPLC control showed that 95% of the original amount of  4-Br-pyridine was 
recovered. 
Control on the presence of Cl- ions in the eluted solution, performed with ICP/AES 
revealed a Cl- content of  2 ppm. 
 
- Radioactivity : Radioactivity was measured using a Veenstra dose calibrator, type 
VDC 404 (Veenstra Instruments, Joure, The Netherlands). 
 
- General radioiodination procedure : Labelling experiments were carried out in a 2 
mL flat-bottom vial (with PTFE-faced silicone septum and open top crimp cap) with 
weighed amounts of precursor (i.e. halopyridine, MIBG), 2,5-dihydroxybenzoic acid 
(gentisic acid), citric acid, and SnSO4 dissolved in 0.8 mL aquapure water.  
Afterwards  the  appropriate  volume  of  an  aqueous  CuSO4  stock  solution  
(0.013 mol.L-1) was added and final volume was adjusted to 1 mL using aquapure 
water. 
After addition of 10-30 MBq Na[123I]I (10-30 ?l), the vial was crimped and the content 
flushed with a gentle stream of N2 during 10 min at room temperature. 
The vial was placed in a copper containment containing paraffin oil and heated in a 
thermo block.  After fast cooling of the reaction mixture to room temperature, a 
sample was taken for HPLC-analysis to measure the labelling yield.  
The labelling yield  was calculated by dividing the area under the curve of the peak of 
the reaction product by the sum of the areas under the curves of all peaks in the 
chromatogram and expressed as % LY. These values corresponded well to those 
obtained from the ratio “collected radioactivity under the peak of the reaction product 
to the initial amount of activity injected “ (n = 5, simulated yield from 10 to 90%, mean 
absolute deviation : ± 2%). 
 
 
 
 
 
???
???????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
??????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????????
???????????????????????? ?????
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2. The influence of the  amount of Cu2+ on the labelling yield of 3-Br-Pyridine : 
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3. The influence of halopyridine on MIBG-labelling :
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Chapter 7
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??????????????
 
Our study proves that the “conventional”  Cu+-assisted radioiodination in reducing 
conditions, based on the presence of  SnSO4, can be applied with success for 
pyridine analogues.  The radioiodination  of a 2-halo-pyridine analogue is 
preferentially performed in absence of SnSO4, with only gentisic acid as reducing 
agent. 
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Samenvatting 
 
   Moleculaire beeldvormingstechnieken, zoals Single Photon Emission 
Computerized Tomography (SPECT) en Positron Emission Tomography (PET), zijn 
niet meer weg te denken uit onze gezondheidszorg.  Beide technieken leveren een 
bijdrage in het opsporen van ziekten (o.a. kanker, ziekte van Parkinson, 
schildklierafwijkingen,...).  Met behulp van radioactief gemaakte stoffen worden 
patiënten geïnjecteerd, waarbij achteraf de vrijgekomen straling nauwkeurig 
geregistreerd wordt door de omringende detectoren.  Hierdoor kan men de 
afwijkingen en de biologische processen in een orgaan (bv. weefselafwijkingen, 
stofwisseling) in beeld brengen.  SPECT maakt hierbij meestal gebruik van langer-
levende radioisotopen (bv. t1/2 ≥ 10 u) waardoor de bereide radioactieve stoffen 
langer beschikbaar zijn en in een groot gebied kunnen worden aangewend. 
Daarentegen maakt PET gebruik van kortlevende radioisotopen, bv. ~ min tot 2 uren. 
De toenemende commerciële beschikbaarheid van radioactieve stoffen, gelabeld met 
kortlevende isotopen, heeft ertoe geleid dat PET niet langer meer voorbehouden is 
voor academische gezondheidscentra.  Met laatstgenoemde techniek kan men de 
biologische processen beter kwantificeren. 
Bij SPECT zijn de meest gebruikte radioisotopen, technetium (Tc-99m) en jodium (I-
123, I-131).  
In dit proefschrift willen we de radiochemische methodiek beschrijven voor de 
bereiding van de radiogejodeerde stoffen of tracers. 
 
   Hoofdstuk 1 geeft een overzicht over de verschillende jodium isotopen 
die gebruikt worden in de nucleaire geneeskunde, en hun fysische eigenschappen.  
SPECT maakt veelvuldig gebruikt van I-123, omwille van zijn halfwaardetijd (t1/2 = 
13,2 u) en de geschikte gamma-straling (159 keV) voor de detectie.  Het I-123 kan 
als dusdanig al gebruikt worden voor schildklieronderzoek of ingebouwd worden in 
een organische molecuul of tracer (bv. 123I-FP-CIT, een cocaïne analoog voor de 
ziekte van Parkinson).  I-131 wordt gebruikt voor therapie, omwille van zijn deeltjes-
straling (β-) en dus celdodende eigenschappen (bv. schildklierbehandeling voor 
hyperthyroϊdie of kanker).   
Het eerder recent geïntroduceerde I-124 (t1/2 = 4 dagen) wordt in PET beeldvorming 
gebruikt ,   terwijl   het   I-125   ( t1/2   =  60 dagen)   toepassing   vindt   voor   'in  vitro' 
--------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
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In beide gevallen is HPLC-scheiding aangewezen, door oxidatieve afbraak en in 
eerstgenoemd geval door proton-destannylering (resulterende in een lagere 
effectieve specifieke activiteit). 
Daar radiogejodeerde tracers beschouwd worden als een speciale groep van 
geneesmiddelen, dienen zowel de eindspecificaties van de tracer als de uitvoering 
van de radiosynthese (volgens de basisprincipes van good manufacturing practice, 
GMP) te voldoen aan de vooropgestelde vereisten, zodat een steriel, chemisch en 
radiochemisch zuivere tracer wordt afgeleverd.  De langere halfwaardetijden van de 
jodium isotopen (bv. I-123, I-124 en I-131) geven hierdoor de mogelijkheid tot het 
vastleggen van een langere expiratietijd van de tracer.  Echter dit laatste veroorzaakt 
een langere blootstelling van de zuivere tracer aan radiolyse waardoor 
radiodejodering kan optreden.  Deze radiodejodering kan meestal tegengegaan 
worden door toevoeging van een pseudo-inhibitor (bv. hippuran) of een radicaal 
vanger (bv. ascorbinezuur, gentisinezuur). 
   
   In hoofdstuk 3 wordt een nieuwe concentratieprocedure voor 
radiojodide voorgesteld.  Radiojodide in een zure oplossing wordt kwantitatief 
geadsorbeerd in een met platina poeder gevulde minikolom, voorbehandeld met 
waterstof.  Het geadsorbeerde radiojodide kan dan met een wisselende flow van 
waterstof en alkalische oplossing (1 mL) kwantitatief gedesorbeerd worden.  Door de 
reducerende eigenschappen van het geactiveerde platina-materiaal, worden ook 
geoxideerde vormen van jodium tegelijkertijd gereduceerd en geadsorbeerd.  
Hierdoor is het voorgestelde concentratieproces uitermate geschikt voor de productie 
van radiojodide (bv. I-123).  Het geadsorbeerde radiojodide kan ook nagenoeg 
kwantitatief worden gedesorbeerd met een organisch oplosmiddel, hetgeen 
perspectieven biedt voor de ontwikkeling van een nieuwe labelingstrategie in niet-
waterig milieu. 
 
   Hoofdstuk 4 beschrijft een eenvoudige en elegante procedure voor de 
verwijdering van vrij radiojodide van radiogejodeerde tracers, met behulp van een 
zilvermembraan.  Nucleofiel bereide tracers (bv. MIBG, hippuran, iomazenil en vet- 
zuur) kunnen succesvol met deze methode opgezuiverd worden, waarbij nagenoeg 
alle vrije radiojodide geadsorbeerd wordt (~ 99 %).  Het activiteitsverlies  van de 
tracer  op  het  membraan  bedraagt  slechts  2-5 %.   Meer  lipofiele   (vetoplosbare) 
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23.   Eersels JLH, Custers FGJ, Ensing GJ, Herscheid JDM.  A simple and efficient 
method to remove free radioiodide from *I- radiopharmaceuticals.  Eur J Nucl 
Med 1995; 22: 1185-1186.  
24.   Eersels JLH, Benjamins HM, Ensing EJ, Herscheid JDM.  Ontwikkeling van een 
autoclaveerbaar preparaat 123I-MIBG.  Nederlands Tijdschrift voor Geneeskun- 
de 1993; 138: 540-3. 
25.   Menge WMPG,  van der Goot H,  Timmerman H,  Eersels JLH,  Herscheid JDM.      
Synthesis of 125I-Iododophenpropit, a new probe for histamine H3 receptor 
binding sites.  J Labelled Compd Radiopharm 1992; 31: 781-786. 
26.  Mertens J, Vanrijckeghem W, Gysemans M, Eersels J, Panek-Finda E, Carlsen 
L.  New fast preparation of 123I-Labelled radiopharmaceuticals.  Eur J Nucl Med 
1987; 13; 380-381. 
27.   Mertens J, Eersels J, Vanryckeghem W.  New high-yield Cu(I) assisted 123I 
radioiodination of 15-(p-I-phenyl)-9-methyl pentadecanoic acid, a potential 
myocardial tracer.  Eur J Nucl Med 1987; 13: 159-160. 
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